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APPARATUS FOR IDENTIFYING A GAS 

This application is a division of US. application Ser. No. 
09/310,330 ?led May 12, 1999, now US. Pat. No. 6,165, 
347. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to a method and apparatus for 
identifying a component of gas mixture. 

2. Description of Related Art 
Potentially dangerous gas mixtures may be found in many 

Workplace environments, the dangers including the risk of 
?re or explosion from combustible gases, oxygen enrich 
ment or de?ciency and exposure to toxic gases. These 
dangers are Well knoWn and gas detection instruments are 
available to detect a Wide range of gases. These instruments 
typically contain one or more gas sensors, Which give a 
proportional electrical response dependent upon the concen 
tration of the gas to be detected. If the concentration exceeds 
alloWed concentration limits, then the instrument Will pro 
vide an alarm to Warn nearby personnel, or it may activate 
other remedial action, such as increasing, the ventilation. 
Gas detection instruments for safety applications are broadly 
divided into tWo groups, portable instruments, Which are 
designed to be hand held or Worn by the user and provide 
personal monitoring, and ?xed instruments, typically Wall 
mounted, Which provide area monitoring. 

Combustible gases are often characteriZed by their loWer 
explosive limit, (LEL), Which is the minimum concentration 
of that particular gas in air, Which can support combustion. 
If the concentration is beloW the LEL, then the gas Will not 
burn Without the continued support of an external ignition 
source. If the concentration of the gas is greater than the 
LEL, then once ignited, the combustible gas-air mixture Will 
burn, Without the need for an external heat source. Indeed, 
many combustible gas-air mixtures Will explode if ignited at 
concentrations greater than the LEL. At very high concen 
trations of the combustible gas, there may be insuf?cient 
oxygen to support the combustion, and the combustible 
gas-air mixture Will no longer burn. This upper concentra 
tion limit for ?ammability is knoWn as the upper explosive 
limit (UEL). The upper and loWer explosive limits depend 
on the gas to be detected, as may be seen from the folloWing 
data, taken from the CRC Handbook of Chemistry and 
Physics, 68”” Edition, 1987—1988, CRC Press, Boca Raton, 
Fla. Limits of Flammability of Gases in Air 

Gas LEL (% vol.) UEL (% vol.) 

Acetylene HCCH 2.50 80.00 
Ammonia NH3 15.5 27.0 
Benzene C6H6 1.40 7.10 
Hydrogen H2 4.00 74.24 
Methane CH4 5.00 15.00 
Pentane CSH12 1.40 7.80 
Xylene C6H4(CH3)2 1.00 6.00 

There are three main types of sensors used to detect 
combustible gases. For general leak detection, metal oxide, 
especially tin oxide sensors are used. The electrical conduc 
tivity of the metal oxide changes When exposed to the 
combustible gas at high temperatures. These sensors are 
rarely used for safety monitoring, since they commonly lack 
the precision necessary for this application. 
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Infrared sensors typically measure the absorption of the 

gas at 2940 cm-1 (~3.4 pm), Which corresponds to the 
carbon-hydrogen (C—H) bond stretching frequency. The 
absorption of the infrared light depends on the number of 
C-H bonds stretching in the molecule. One of the limitations 
of infrared detectors is that molecules such as carbon 
monoxide (CO) and hydrogen (H2) do not have an absor 
bance at or near 3.4 pm bond, since they do not have any 
C—H bonds. Even molecules such as acetylene (HCCH) 
and benZene (CGHG) Which both have C-H bonds often have 
loW sensitivity at 3.4 pm since the triple bond in acetylene 
and the aromatic ring in benZene shift the absorbance of the 
C—H stretch to higher frequency. These effects of molecular 
substitution on the C—H bond vibration frequency are Well 
knoWn, and can be found in standard texts such as D. H. 
Williams, I. Fleming, “Spectroscopic methods in Organic 
Chemistry”, third Edition, McGraW-Hill book Company, 
Ltd., London, 1980. 
The other major type of sensor for combustible gas is the 

catalytic bead sensor, Which measures heat of combustion. 
The detector bead of a catalytic bead sensor comprises a 
small platinum coil encased in a ceramic bead containing 
precious metal catalysts. The combustible gas enters the 
sensor and travels to the catalytic bead by natural diffusion. 
The gas is combusted at the bead surface, aided by the 
catalysts and the resulting release of heat raises the tem 
perature of the bead. This rise in temperature results in an 
increase in resistance of the platinum coil, Which is normally 
detected using a Wheatstone bridge. Within the sensor, there 
is usually a second bead, the reference or compensator bead, 
Which is constructed similarly to the detector bead, Without 
the catalyst. The compensator bead comprises one of the 
other arms of the Wheatstone bridge, and it is used to cancel 
out any other non-combustion related responses of the 
beads, such as changes in ambient humidity or thermal 
conductivity of the gas. The response of the catalytic bead 
depends primarily on the heat of combustion of the gas and 
the rate at Which the gas can diffuse to the detector bead. 

It is common practice to express the concentration of 
combustible gases as a percentage of the LEL, and thus 2.5% 
by volume of methane is 50% LEL. The response of 
catalytic bead sensors is approximately linear over their 
useful range (0 to 100% LEL), and setting the empirically 
determined proportionality constant betWeen the output 
response and the concentration is called calibration. 
HoWever, the sensitivity to gas varies With the type of gas. 
Compared to a relative response to 50% LEL of methane of 
1.0, the response to 50% LEL pentane is only about 0.5. A 
more thorough discussion of catalytic bead sensors may be 
found in the revieW by J. G. Firth, “Measurement of Flam 
mable Gases and Vapors” in C. F. Cullis, J. G. Firth (Eds.), 
“Detection and Measurement of HaZardous Gases”, 
Heinemann, London, 1981. 
Many of the commonly encountered toxic gases are 

detected using amperometric electrochemical gas sensors. A 
typical electrochemical sensor is usually constructed With 
tWo or more electrodes in contact With an electrolyte. The 
electrode is usually separated from the outside environment 
by a gas porous membrane, and other diffusion barriers. The 
gas to be detected enters the sensor and passes through the 
membrane to the Working electrode, Where is it either 
oxidiZed or reduced; alternatively, the rate of oxidation or 
reduction of the electrode or another species in electrolyte 
may be limited by the availability of the toxic gas. The 
resulting electrical current is proportional to the rate at 
Which the gas is being consumed by the electrode. The 
output current is therefore usually linearly proportional to 
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the gas concentration, since the response is limited by the 
rate at Which the gas to be detected can diffuse into the 
sensor. 

The nature of the response of the sensor to a toxic gas 
depends on both the design of the sensor and the nature of 
the gas. Some gases such as carbon monoxide (CO) and 
hydrogen (H2) are oxidiZed at the electrode, Whereas other 
gases such as chlorine and nitrogen dioxide are usually 
reduced at the sensor electrode. While the oxidation of 
carbon monoxide to carbon dioxide (CO2) is a tWo-electron 
process, the oxidation of hydrogen sul?de (HZS) to sulfuric 
acid (H2SO4) is an eight-electron process. Thus, a diffusion 
limited sensor Which responds to both hydrogen sul?de and 
carbon monoxide Will give a stronger response to the 
hydrogen sul?de, for a given concentration of gas. 

The above examples of sensor technology are intended to 
illustrate that the signal obtained for a combustible or toxic 
gas depends on both the sensor technology employed, and 
on the properties of the individual gases. This fact poses a 
quandary for personnel Who risk being exposed to a variety 
of different gases. If they use a broad band sensor, i.e. a 
sensor that is sensitive to a Wide variety of gas types, then 
there is the Ahrisk that the alarm levels Will not be appro 
priate for any given gas. HoWever, if they instead decide to 
use sensors selective for a particular gas, then there is the 
risk that if an unanticipated haZardous gas is present, then it 
may not be detected at all. In addition, they may have to use 
instruments Which contain many sensors or they may have 
to carry several instruments, Which may be both expensive 
and cumbersome. 

It is noW common practice to use a broad band sensor for 
combustible gases, such as a sensor based on infrared or 

catalytic bead technology, and to set the alarm levels to 
match the gas With the least sensitive response. If there is 
likely to be either methane or pentane in a particular 
environment, then a catalytic sensor based instrument Will 
usually be calibrated With pentane, since pentane has the 
loWer sensitivity. HoWever, this approach can result in false 
alarms since a safe concentration of methane Will set the 
instrument into alarm. With a broad band sensor, such as the 
catalytic bead sensor, it is not currently possible to distin 
guish Whether a response is coming from methane or pen 
tane. 

In contrast, toxic gases are usually detected With sensors 
speci?c to a particular gas. This difference betWeen the 
combustible gases and the toxic gases is in part due to the 
Wide variation in risk associated With a toxic gas. For 
example, carbon dioxide has an OSHA eight-hour permis 
sible exposure limit (PEL) of 5000 ppm, carbon monoxide 
has a PEL of 50 ppm, sulfur dioxide has a PEL of 5 ppm and 
chlorine dioxide has a PEL of 0.1 ppm. Another reason for 
this difference is that it is often easier to fabricate an 
electrochemical sensor to be selective to a particular toxic 
gas than to fabricate a catalytic bead sensor to be selective 
to a particular combustible gas. Some attempts have been 
made to produce broad band electrochemical gas sensors, 
but they also suffer from the draWback of deciding Where to 
set the alarm levels. For example, a sensor Which gives a 
response to both sulfur dioxide and carbon monoxide, cor 
responding to 10 ppm, is ?ve times beloW the OSHA PEL 
for carbon monoxide but tWice the OSHA PEL for sulfur 
dioxide, even though both gases are oxidiZed by tWo elec 
trons. 

Clearly, a method Would be desirable that enables a gas 
detection instrument to identify the gas, and then select the 
appropriate alarm threshold levels to be used. 
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Several methods have been developed to identify the 

components of a potentially haZardous atmosphere. Detector 
tubes kits are available, in Which a series of calorimetric 
tubes are used, initially identifying the unknoWn gas by 
broad chemical classi?cation (e.g. acidic, halogenated or 
reducing gas), folloWed by successive iterations until the gas 
is identi?ed. HoWever, this manual approach is time 
consuming, cumbersome, and provides the analysis only at 
a single moment in time (“Drager-Tube Handbook,” 8th 
Edition, National Draeger Inc, Pittsburgh, Pa.). 

In the past, gases Were identi?ed by collecting a sample, 
either on an absorbent, such as activated charcoal, or in a 
clean gas chamber, folloWed by laboratory analysis. This 
method is time consuming and since the analysis has to be 
performed elseWhere, there is often a considerable delay 
from the time the sample is taken to the time When the 
identity of the gas is determined. 

Laboratory based methods for gas identi?cation usually 
involve large, expensive and immobile equipment, such as 
mass spectrometers, gas chromatographs and infrared spec 
trometers. Considerable effort has been made to adapt these 
laboratory instruments for use in the ?eld, and several 
manufacturers do offer portable gas chromatographs (for 
example HNU Systems, NeWton Mass. 02461 and Viking 
Instruments Corporation, Chantilly, Va. 20151). Mass spec 
trometers offer high sensitivity and good selectivity, and 
despite the difficulties of requiring a high vacuum and other 
engineering challenges, portable and semi-portable mass 
spectrometers have been developed, by several companies. 
For example Foster-Monitor Group, of ChesWick Pa., has a 
mass spectrometer that can collect a sample and identify the 
component gases based on their molecular masses. Both the 
portable mass spectrometers and gas chromatographs are 
capable of identifying an unknoWn gas. While these devices 
offer considerable potential, they remain too expensive for 
routine safety monitoring, and tend to be used for more 
specialiZed applications. 

Infra-red spectroscopy can also be used to identify a 
particular gas. Whereas most infrared combustible gas sen 
sors operate at a single Wavelength, and thus have dif?culty 
distinguishing betWeen various hydrocarbons, the full infra 
red spectra of most organic compounds are unique. Thus, if 
the full spectrum is obtained With an infrared spectrometer, 
then the spectrum can be compared against a library of 
infrared spectra. Due to the complexity of the optics, the cost 
associated With obtaining a full spectrum and the subsequent 
data analysis increases the cost of this instrument Well 
beyond that normally used for routine safety monitoring. 

Sensor arrays have been developed Which are capable of 
identifying a Wide range of gases. These sensor arrays 
effectively have a large number of sensor elements, each 
With a different response characteristic. The combined pat 
tern of response from a sensor array can indicate the 
concentration and identify of gaseous species present. 
HoWever, sensor arrays have tWo draWbacks. The ?rst 
draWback is that the pattern recognition requires very com 
plex mathematical analysis, and thus they require a signi? 
cant computer analysis to achieve useful results. The second 
and more important draWback is that the present day sensor 
arrays do not have the reliability necessary for safety appli 
cations. It is likely that both of these problems Will be 
overcome in the future, and sensor arrays are noW commer 

cially available, for example from Cyrano Sciences Inc, 
Pasadena, Calif., and are being used for applications such as 
food quality and Wine classi?cation. The operation of these 
sensor arrays has been described by M. S. Freund and N. S. 
LeWis in proceedings of the National Academy of Science 
(1995), 92, 2652—2656 and by N. S. LeWis in US. Pat. No. 
5,571,401. 
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As may be seen from the above discussion, there is a need 
for an economical method that Will identify an unknown gas, 
so that the appropriate calibration and alarm set point values 
can be selected. The instrument should be economical 
enough to be incorporated in personnel and ?xed-point 
safety monitoring equipment. Furthermore, the accuracy and 
precision of the gas concentration measurement should be as 
good as the present technology, and preferably the instru 
ment should still use the existing sensor technologies, since 
they are Well tested and have a good service record. 

Recently, Zdanevitch et al in US. Pat. No. 5,709,792 
described a method for identifying a combustible gas using 
a catalytic bead sensor by varying the potential applied to the 
bead and using the differences in temperature needed to 
initiate combustion as a means to identify the gas. This 
method has many advantageous features, but it suffers from 
the limitation that the temperature of combustion may vary 
as the sensor catalyst ages or if the sensor is exposed to 
poisoning or inhibiting compounds. This deleterious effect 
Will be much more pronounced than is normally observed 
With a conventional sensor operating under diffusion control 
at a temperature suf?ciently high to oxidiZe all combustible 
gases, Which reach the detector element of a catalytic bead 
sensor. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the invention to provide a 
method for identifying an unknoWn reactive gas Which 
overcomes the disadvantages of prior art methods. 

It is a further object of the invention to provide a method 
for determining concentration of a gas identi?ed by the 
method of the invention. 

It is still a further object of the invention to use the 
measurements made according to the invention to determine 
Whether the gas detection instrument is operating correctly. 

To achieve these and other objects, the invention is 
directed to a method and apparatus for identifying a gas 
utiliZing a knoWn reactive gas detector including a diffusion 
barrier inlet Which generates an electrical signal upon expo 
sure to the gas. A relative diffusion constant is determined 
for an unknoWn reactive gas by comparison of a steady state 
signal for the unknoWn gas With the integrated decay signal 
for the detector exposed to a sealed and predetermined 
volume of the gas. The relative diffusion coefficient can be 
compared With the relative diffusion coef?cient of a standard 
gas determined in a similar manner and the resulting actual 
diffusion coef?cient is used to identify the gas. 

Once the gas is identi?ed, the concentration can be 
determined from the value of the steady state signal for the 
gas. 

The invention includes an apparatus for carrying out the 
method of the invention, including a detector of knoWn type 
With diffusion barrier inlet, a manifold through Which the gas 
passes and to Which the detector is exposed through the 
diffusion barrier and means for closing the inlet and outlet of 
the manifold so that the detector is exposed to a ?xed 
volume of gas. The apparatus can include computer means 
for automating the steps of the invention to any degree 
desired. 

The method of the invention can be used to detect a Wide 
variety of reactive gases. Among the gases Which can be 
detected are combustible gases such as alkanes, alkenes, 
alkynes, alcohols, ethers, esters and aromatics, and toxic 
gases such as carbon monoxide, sulfur dioxide, hydrogen 
sul?de, nitric oxide, nitrogen dioxide and chlorine. The 
above list is representative only, and should not be consid 
ered limiting. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation of a prior art elec 
trochemical gas sensor; 

FIG. 2 is a schematic representation of a prior art catalytic 
bead gas sensor; 

FIG. 3 is a schematic diagram of a gas analysis system 
according to the invention; 

FIG. 4 is a schematic diagram of an alternative gas 
analysis system according to the invention; and 

FIG. 5 is a schematic diagram of a further alternative gas 
analysis system according to the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A typical electrochemical sensor 10 is shoWn in FIG. 1. 
The sensor comprises a sensor body 11, containing three 
electrodes, the Working electrode 12, the reference electrode 
13 and the counter electrode 14. The three electrodes 12, 13, 
and 14 are separated by inert media 15, soaked in electrolyte. 
Typically this inert media 15 is comprised of glass paper, 
and the electrolyte may be an aqueous or non-aqueous 
solution of a salt or acid, to provide ionic electrical conduc 
tivity betWeen the electrodes 12, 13 and 14. The electrolyte 
is retained Within the sensor 10 and is prevented from 
entering the gas volume 16 by a compression of an O-ring 
seal 17, and the electrodes 12, 13 and 14 and the sensor 
housing 11. The gas to be detected diffuses to the sensor 10 
and enters the gas entry hole 18 into a volume 16 Within the 
sensor 10. The gas diffuses through the Working electrode 
membrane 12, Which typically comprises a porous mem 
brane With a precious metal (not shoWn) ?xed onto the inner 
surface of the membrane comprising electrode 12. The 
magnitude of the steady state response of most amperomet 
ric electrochemical gas sensors is limited by the rate at 
Which the gas to be detected can diffuse into the sensor. The 
sensors are designed to be limited by the rate of gas diffusion 
by making the gas entry hole 18 small enough that it presents 
a signi?cant diffusion barrier to the gas. The advantages of 
making the sensor diffusion limited are that the response is 
linear With concentration and the sensitivity of the sensor 
(sensitivity=steady state response to the gas/gas 
concentration) becomes independent of small variations in 
electrode potentials, or small losses in electrode catalytic 
activity. 
The operation of this electrochemical sensor has been 

described for illustrative purposes only and many variations 
on electrochemical sensor design are knoWn in the prior art. 
Further details of electrochemical sensor operation and 
design may be found in the folloWing references: S. C. 
Chang, J. R. Stetter, C. S. Cha, “Amperometric Gas 
Sensors”, Talanta (1993), 40 (4) 461—477; B. S. Hobbs, A. 
D. S. Tantram, R. Chan-Henry in “Techniques and Mecha 
nisms in Gas Sensing”, Ed. P. T. Moseley, J. O. W. Norris 
and D. E. Williams, Adam Hilger , Bristol, (1991). 
A catalytic bead sensor 20, as shoWn in FIG. 2 usually 

comprises tWo beads, a detector 21 and a reference bead 22, 
the beads comprising a Wire coil embedded in alumina or 
other ceramic. The ends 23 of this Wire are attached to posts 
24 in such a Way as to suspend the beads 21 and 22 betWeen 
the posts 24. These posts 24 serve the dual role of mechani 
cally supporting the beads 21 and 22, and also providing an 
electrical connection to external contacts 25. The tWo beads 
21 are 22 are usually separated by a partition 26, Which 
serves to reduce air currents Within the sensor 20. 

The detector bead 21 additionally has a precious metal 
catalyst 21a deposited on the surface of the bead 21, Whereas 
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the reference bead 22 does not. The beads 21 and 22 are held 
at a high temperature, typically greater than 500° C., Which 
in combination With the catalyst facilitates the combustion 
of any combustible gases Which reach the detector bead 21. 
Since the reference bead 22 does not have the catalyst on its 
surface, no combustion occurs on the reference bead 22. The 
increase in temperature from the combustion of the com 
bustible gas on the detector bead 21 results in an increase in 
the resistance of the Wire coil inside the bead 21. This small 
increase in resistance is conveniently detected With a Wheat 
stone bridge circuit (not shoWn), and provides the output 
signal. The gas enters the sensor 20 by diffusing through a 
sintered metal disk 27, Which serves the role of both a 
diffusion barrier and ?ame arrestor. Catalytic bead sensors 
are Well knoWn in the prior art, and details may be found in 
reference texts. (J. G. Firth, “Measurement of Flammable 
Gases and Vapors” in C. F. Cullis, J. G. Firth (Eds), 
“Detection and Measurement of HaZardous Gases”, Publ. 
Heinemann, London, 1981). 

In common practice, sensors for gas detection are either 
operated by exposing the sensor to the ambient atmosphere 
and thus alloWing gas to diffuse into the sensor, or the gas 
detection instrument may include a pump Which draWs in the 
gas from the ambient atmosphere and then passes it over the 
sensor. The response of the sensor in an aspirated sample gas 
detection instrument Will still be diffusion limited, since the 
rate at Which the gas enters the sensor Will still be limited by 
diffusion. 

FIG. 3 shoWs the gas ?oW system of a ?rst embodiment 
of a gas detection instrument according to the invention. The 
gas is draWn in from the ambient atmosphere by the pump 
30 and passes through tubing 31 to a tWo Way valve 35. If 
the valve is activated, then the gas passes through valve 35 
into a sensor manifold 32, Whereupon the gas diffuses into 
a sensor 33 of a knoWn type, Which gives an output response. 
The sensor 33 makes an airtight seal With the sensor mani 
fold 32, by means of an O-ring seal 34. The gas passes out 
of the sensor manifold 32 via valve 36 to an exhaust 37. 
Valve 36 is open Whenever valve 35 is activated and valve 
36 is closed Whenever valve 35 is not activated. When valve 
35 is not activated, the gas from pump 30 is passed to an 
exhaust 38. The steady state signal from sensor 33 is 
obtained by having valves 35 and 36 both open. 

Consider initially an example in Which sensor 33 is an 
electrochemical gas sensor. For an electrochemical sensor 

operating under diffusion control, the steady state current I55 
(A) is described by Faraday’s laW 

Where n is the number of electrons, F is the Faraday’s 
constant (9.648><104 C/mol) and q) is the ?ux of gas (mol/s) 
reaching the electrode 12 in FIG. 1. 

The ?ux of gas reaching the electrode 12 is described by 
Fick’s ?rst laW of diffusion, 

Where D is the diffusion coef?cient of the gas (cm2/s), CO is 
the bulk concentration of the gas (mol/cm3) and A is a 
parameter Which describes the diffusion path of the sensor 
(cm). The minus sign is usually included in this expression 
to indicate that the ?ux of gas is from high concentration to 
loW concentration, but the minus sign Will be left out from 
hereon in for simplicity. These tWo equations can be com 
bined to give the Well knoW expression for the steady state 
response I55 of an electrochemical gas sensor. 
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Assume that there is a gas to Which the sensor 33 responds 

in the air draWn into the instrument by pump 30, and the 
sensor response has reached steady state. If the valves 35 
and 36 are then closed, the sensor 33 Will consume all of the 
gas Within the volume de?ned by the tWo valves 35 and 36, 
the sensor 33 and the sensor manifold 32. The output current 
from the sensor 33 Will decrease With time, and the total 
charge Q Which passes, is described by the folloWing 
equation. 

Where V (cm3) is the volume of the gas, Which is sealed off 
by the tWo valves 35 and 36 and the other terms are as 
de?ned earlier. The ratio of the steady state current prior to 
closing the valves 35 and 36 to the charge passed can be 
calculated as: 

Note that the right hand side of this expression is com 
prised of three constants. The ?rst tWo, A and V, are 
constants of the sensor and the gas detection instrument, and 
independent of the gas. The third constant D, the diffusion 
coef?cient, is a property of the gas being analyZed. Even 
though the magnitude of response signal depends on the gas 
concentration, and the number of electrons, these other 
factors cancel out in calculating ISS/Q, leaving D as the only 
gas dependent variable. 
A similar result is obtained if sensor 33 in FIG. 3 is a 

catalytic bead sensor. The response of a catalytic bead sensor 
Whose response is limited by the rate of gas diffusion can be 
described by the folloWing equation, Which is directly analo 
gous to the respective equation for the electrochemical 
sensor. 

Where S is the steady state output signal (mV), C is the bulk 
concentration, H is a gas speci?c response constant Which 
varies With the gas, K is a constant of the sensor Which is the 
same for all gases and D and A are the gas diffusion 
coef?cient and a value for the diffusion path of the sensor 
respectively. If the sensor 33 is placed in the gas ?oW system 
shoWn FIG. 3, the sensor Will give a response as a combus 
tible gas is draWn into the instrument by pump 30, provided 
the valves 35 and 36 are open. If the valves 35 and 36 are 
closed after the output of sensor 33 has reached steady state 
S, the output from the sensor 33 Will decrease With time. The 
integrated response of the sensor S over the time it takes for 
the sensor output to decrease to Zero (the response of the 
sensor in the absence of a combustible gas) is given by the 
folloWing equation: 

If the ratio betWeen the steady state response S and the 
integrated response 2 is calculated, the ansWer is propor 
tional to the gas diffusion coef?cient D. 

Note that as With the electrochemical sensor above, the 
ratio A/V is dependent on the physical properties of the gas 
detection instrument and on the sensor and independent of 
the gas, Whereas the diffusion coef?cient D is a property of 
the gas. Note also that the gas concentration and the 
response constants K and H have also cancelled out of the 
expression for 5/2. 
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If the sensor is a broad band sensor, Which responds to a 
Wide range of different gas types, then this calculation of the 
diffusion coefficient D can be used to identify the gas. While 
in principle the diffusion path parameter A and the volume 
V can be measured, thus alloWing the direct calculation of 
the gas diffusion coef?cient, it is more convenient to mea 
sure the gas diffusion coef?cient relative to a calibration gas. 
The gas detection instrument Would be exposed to gas of 
knoWn composition and knoWn diffusion coef?cient, Which 
Would provide a calibration of the system. Then comparison 
of the ratio of steady state signal to integrated signal passed 
(S/Z or I/Q) for an unknoWn gas, can be used to measure the 
diffusion coef?cient of that gas and thus provide identi?ca 
tion of the unknoWn gas. 

The diffusion coef?cient depends on the molecular Weight 
of both the component gas and the balance gas, and on the 
molecular siZe. From a practical standpoint, tWo similarly 
siZed molecules, for example ethylene (CH2=CH2) and 
ethane (CH3—CH3) are likely to have similar diffusion 
coef?cients and so it Would be more dif?cult to distinguish 
betWeen them. Similarly, the tWo toxic gases nitric oxide 
(NO) and carbon monoxide (CO) Will have similar diffusion 
coef?cients, and so it Would be more dif?cult to distinguish 
betWeen them using their diffusion coef?cients. HoWever, 
tWo dissimilar gases, such as methane (CH4) and pentane 
(C5H12), or carbon monoxide and sulfur dioxide (SO2) Will 
have very different diffusion coef?cients, and thus can be 
more readily distinguished. The ability to distinguish 
betWeen tWo different gases Will depend on the magnitude of 
their relative diffusion coefficients and the experimental 
error in the measurement of the diffusion coef?cients. 

Once the gas diffusion coefficient has been measured, the 
gas can be identi?ed by comparison of the diffusion coef 
?cient With values for knoWn gases. Once the gas has been 
identi?ed, then the correct sensitivity parameters, and alarm 
threshold limits can be used by the gas detection instrument. 
Most modern gas detection instruments contain a micropro 
cessor or other controller, and thus it is relatively easy for a 
gas detection instrument to do the requisite calculations and 
to access ‘look-up’ tables Within the instrument to compare 
measured With expected diffusion coef?cients and to obtain 
the sensitivity parameters and the alarm threshold limits. 

This method can be used With any type of sensor for 
Which the steady state response is limited by the rate of gas 
diffusion into the sensor. Furthermore, it is thus possible to 
identify a gas With a single sensor, and this gas identi?cation 
may be performed using sensors of Well knoWn and Well 
trusted design. 

Given that the gas can be identi?ed from the steady state 
response S and the integrated response 2, computer means 
can be added to the apparatus to automate the identi?cation 
to the extent desired. As shoWn in FIG. 3, a central process 
ing unit 40 controls the operation of a device 41 Which 
controls the opening and closing of valves 35 and 36. A 
device 42 contains the electronic circuitry necessary to 
operate sensor 33 and to obtain output readings from sensor 
33. Such circuits are Well knoWn in the art, and include the 
Wheatstone bridge circuit used in conjunction With a cata 
lytic bead sensor and a potentiostat used in conjunction With 
an electrochemical sensor. Device 42 may display the read 
ings on a display unit 43, as Well as pass the readings on to 
central processing unit 40. If the unit 40 senses a haZardous 
condition, an alarm unit 44 is noti?ed. 

Typically, central processing unit 40 Will store the steady 
state signal for the background atmosphere or carrier gas. 
When the presence of a reactive gas is determined, unit 40 
Will permit a steady state signal S to be established (S is the 
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signal in the presence of the reactive gas minus the back 
ground signal in the absence of the reactive gas), then notify 
device 41 to close valves 35 and 36. Unit 40 then records the 
decay of the output signal from device 42 and When the 
output signal reaches the signal for the background, valves 
35 and 36 are opened, and monitoring continues. 
MeanWhile, unit 40 integrates the decay curve to obtain 2 
and uses 2 and S to obtain a diffusion coef?cient Which can 
be compared to a list of knoWn coef?cients to identify the 
gas. Once the gas is identi?ed, the response factors and the 
alarm trigger levels for that gas can be obtained from a list 
of knoWn values. Using these parameters, unit 40 determines 
the gas concentration from the steady state signal S, and if 
concentration exceeds a predetermined level, the alarm unit 
44 signals the operator. 

Example 1 

A simple apparatus, shoWn in FIG. 4, Was constructed to 
demonstrate the practical utility of this invention. Acatalytic 
bead sensor 50 from City Technology, Portsmouth, England, 
model 4P-100 Cipel, Was sealed into a short length of tubing 
51 With a gas tight sealant 52 behind a three quarter-inch 
diameter ball valve 53. The ball valve 53 is connected via a 
short length of tubing 54 to a T connection to a tube 55 
through Which the test gas ?oWs. A small baffle 56 Was 
inserted into the tube 54 to promote the How of gas toWards 
the ball valve 53 and sensor 50. When the ball valve 53 is 
open, the test gas ?oWs toWards the sensor 50. When the ball 
valve 53 is closed, the ?oWing gas is prevented from 
reaching the sensor 50, and the sensor is exposed only to the 
gas in the sealed volume 57 determined by the sensor 50, 
sealant 52, tubing 57 and the ball valve 53. The sensor 50 
Was connected to a Wheatstone bridge detection circuit (not 
shoWn) via leads 58, and the output signal Was collected on 
an automated data acquisition system (also not shoWn). With 
the ball valve 53 open, the sensor 50 Was exposed to the test 
gas and the output alloWed to reach steady state. Once steady 
state had been reached, the ball valve 53 Was closed using 
handle 59, and the output from the sensor 50 Was folloWed 
With time as it decayed back to the Zero point, ie approxi 
mately the same signal as Was observed With clean air, Which 
Was free of combustible gas. The signal from the time When 
the ball valve 53 Was closed to the time When the output 
signal had decayed to Zero Was integrated using a spread 
sheet program, and the ratio of the steady state signal to the 
integrated signal (S/Z)Was calculated. 
The apparatus Was calibrated using 40% LEL methane in 

air from a compressed gas cylinder. The steady state signal 
obtained from sensor 50 in a Wheatstone bridge circuit, 
When the ball valve 53 Was open Was 47.7 mV. When the ball 
valve 53 Was closed, the signal decayed to Zero. The area 
under the signal-time graph for the decay Was calculated 
using a Microsoft Excel spreadsheet, and it Was found to be 
977 mVs. The ratio of the steady state signal to the inte 
grated decay signal Was calculated, S/Z=0.048 s_1. 
The equipment Was then tested With a test gas A, and the 

steady state signal for test gas A Was 50.2 mV and the 
integrated decay signal Was 312 mVs. Therefore the ratio of 
the steady state signal to the integrated decay for test gas A 
Was 0.16 s_1. The S/Zto ratio for test gasAis 0.16/0.048=3.3 
times larger than the S/Z ratio for methane, and thus the 
diffusion coef?cient for test gas A is 3.3 times that of 
methane. 

Diffusion coef?cients relative to the calibration gas 
methane, are shoWn beloW. Experimental values of the 
diffusion coefficient have been tabulated for many gases in 
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the literature, or they can be calculated using standard 
methods (G. O. Nelson, “Gas Mixtures, Preparation and 
Control”, LeWis Publishers, Boca Raton, Fla., 1992; E. L. 
Cussler “Diffusion, Mass Transfer in Fluid Systems”, Cam 
bridge University Press, Campridge, 1992). 

Diffusion Coe?icient 

GAS (Relative to Methane) 

Hydrogen 3.32 
Methane 1.0 

(?xed) 
Butane 0.49 
Pentane 0.39 

Thus, by comparison of the experimental ratio of S/Z for 
test gas A to the ratio S/Z for methane, With the relative 
diffusion coefficients in the table, test gas A is identi?ed as 
hydrogen. 

The experiment Was repeated With test gas B. For test gas 
B, the steady state signal Was 17.0 mV and the integrated 
decay Was 633 mVs. The ratio of S/Z for test gas B Was 
0.027 s_1, Which gives a relative diffusion coef?cient of 
0.55. From the table above, test gas B is identi?ed as butane. 

Cross sensitivity is de?ned as the signal produced per unit 
of gas concentration of one gas, relative to standard gas. For 
combustible gases, the concentration is often expressed as a 
percentage of the loWer explosive limit. For the sensor 50 
used in this example, the nominal cross sensitivities are as 
folloWs, relative to methane (=100%), Hydrogen=100% and 
Butane=65% (Product Data Handbook, vol. 1, Safety, issue 
4.0, January 1997, City Technology Ltd., Portsmouth, 
United Kingdom). 

Having identi?ed test gasA as hydrogen and test gas B as 
butane, the concentrations can be found from the steady state 
signal. The steady state output of the sensor exposed to 40% 
LEL methane in air Was 47.7 mV. The steady state signal of 
the sensor exposed to test gas AWas 50.2 mV, and since the 
cross sensitivity ratio for hydrogen is 100%, the concentra 
tion of hydrogen in test gas A is estimated to be 40% LEL: 
(50.2/(1.0 * 47.7))=42% LEL hydrogen. Similarly, the 
steady state signal for test gas B Was 17.0 mV, and since test 
gas B Was identi?ed as butane, the cross sensitivity ratio 
(relative to methane) is knoWn to be 65%. Thus, the con 
centration of butane in test gas B is estimated to be 20% 
LEL: (17.0/(0.65 * 47.7)=22% LEL butane. 

Test gas A Was mixture of 50% LEL hydrogen in air 
produced by blending 100% by volume hydrogen With Zero 
air from compressed gas tanks using an electronic mass flow 
controller, and test gas B Was 0.473% by volume (25% LEL) 
butane in air from a compressed gas cylinder. The error 
betWeen the nominal test gas concentration and the mea 
sured value are thus 16% for test gas A and 12% for test gas 
B. This example has thus demonstrated that the method 
described in this disclosure can be used to both identify an 
unknoWn gas, and to estimate the concentration of the gas. 

It is Well knoWn that gas diffusion coefficients vary With 
temperature T and usually D is proportional to temperature 
raised to the poWer of 3/2 L. Cussler, Diffusion, Mass 
Transfer in Fluid Systems, Cambridge University Press 
(1992)), and therefore temperature compensation Will be 
required. Since the response of most sensor types varies With 
temperature, methods for providing temperature compensa 
tion are Well knoWn in the prior art pertaining to gas 
detection instruments. 

The gas diffusion coef?cient though usually Written for a 
single gas is actually a function of the composition of all of 
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the components of the gas mixture. Therefore, a diffusion 
coef?cient calculated in one gas mixture may differ from that 
in another gas mixture. In general this issue is not a problem, 
since most applications for gas detection instruments mea 
sure the analyte gas in air. If the air Were replaced by another 
gas, for example helium, then the diffusion coef?cients of 
the gases Will change. For example, the diffusion coef?cient 
of an air-oxygen gas mixture is D=0.1775, but an air-helium 
gas mixture has a diffusion coef?cient of 0.6242 cm2/s L. 
Cussler, Diffusion, Mass Transfer in Fluid Systems, Cam 
bridge University Press (1992)). If this invention is to be 
used in an application With a balance gas other than air, then 
the change in the diffusion coefficients can easily be com 
pensated for by calibrating the system With a knoWn gas in 
a mixture With the same balance gas as the application. 

Obviously, While the valves 35 and 36 in FIG. 3 are 
closed, the sensor is not able to respond to changes in the gas 
concentration in the ambient environment. One limitation of 
the above embodiment of the invention is that the instrument 
is unable to monitor for changes in the ambient atmosphere 
during the identi?cation of the gas, since the sensor is 
exposed to the gas Within the sealed compartment. 
Therefore, another embodiment of this invention uses tWo 
sensors, one of Which is used to provide continuous moni 
toring and the other is used to identify the gas. This system 
60 is shoWn in FIG. 5. When valves 61 and 62 are open, gas 
is pumped by pump 30 into the identi?cation sensor mani 
fold 32, and the identi?cation sensor 33 is exposed to the 
gas. When valves 61 and 62 are closed, then the sensor 33 
consumes all of the gas in the sensor manifold as described 
above to alloW identi?cation of the gas. Gas from pump 30 
is also passed through tubing 63 to a second sensor 
manifold, 64 containing a continuous monitoring sensor 65, 
Which makes a gas tight seal With the manifold by means of 
O-ring seals 66. After passing through the manifold 64, the 
gas ?oWs via tubing 67 to the exhaust 37. The gas from 
pump 30 is alWays ?oWing through the tubing 63 and 
manifold 64, and thus the sensor 65 provides continuous 
monitoring, even When valves 61 and 62 are closed, thus 
isolating sensor 33 from changes in the gas composition in 
the environment. 
The time taken to Wait for the response to decay to Zero 

once the valves 35 and 36 in FIG. 3, or valves 61 and 62 in 
FIG. 5 have been closed can take a signi?cant length of time, 
typically seconds to minutes. The time required Will depend 
on the sensor 33, on the shape and volume of the chamber 
de?ned by the valves 35 and 36, or 61 and 62, and on the gas 
being identi?ed. Furthermore, as the signal approaches Zero, 
the signal to noise ratio decreases and thus it is increasingly 
dif?cult to resolve the signal from the background signal, ie 
the signal present Without gas. 
One Way to avoid this problem is to measure the initial 

decay rate, and then to extrapolate this curve to Zero gas 
signal, by assuming a mathematical function for the signal 
decay. Provided the gas in the chamber de?ned by the values 
35 and 36, or 61 and 62, can readily diffuse to the sensor 33, 
then the decay of the output signal may be approximated by 
an exponential decay. Thus if the initial steady state signal 
(S or I55) is measured, and the time taken for the signal to 
decrease to 50% of the initial value after closing the values 
35 and 36, or 61 and 62 is measured, then the integrated 
signal under the curve (2 or Q) can be calculated. 

Using a catalytic bead sensor as an example, and assum 
ing an exponential decay, the output is described by the 
folloWing equation: 
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in Which S, is the output signal at time t, S is the initial steady 
state signal prior to closing valves 35 and 36, or 61 and 62 
and b is a constant. When the output response has fallen to 
50% of the steady state value, the expression can be 
re-Written as folloWs: 

in Which t5O is the time taken for the signal to decrease to 
50% of the initial value from the initial time (t=0) When the 
valves 35 and 36, or 61 and 62 Were closed. Rearranging this 
equation for b gives the folloWing result: 

Integration of the function S,=S~exp(—bt) With respect to 
time, gives the cumulative signal 2: 

Evaluating this function from the times that the valves 35 
and 36, or 61 and 62 Were closed (t=0) to long times (t=>OO), 
gives the result 

Since the steady state current S is knoWn, and the constant 
b can be measured, the integrated response can be found 
more quickly than having to Wait for the response to decay 
to Zero. 

This method of extrapolating the time taken for an expo 
nential decay is Well knoWn in the prior art, and it is included 
here to illustrate the principle. Clearly, many other methods 
of extrapolating the decay are possible, and are Well knoWn 
to those experienced in the art. For example, Tantram et al 
in US. Pat. No. 4,829,809 disclose a method for measuring 
the concentration of a gas by exposing an electrochemical 
sensor to a knoWn volume of the gas to be measured. The 
output signal from the sensor decays as the gas is consumed, 
and by measuring the total charged passed, and knoWing 
hoW many electrons are passed for the oxidation or reduc 
tion of the gas, they can use Faraday’s laW to calculate the 
concentration of the gas. 

Rather than Wait for the sensor response to decay all the 
Way to Zero, Tantram et al propose a method for speeding up 
the measurement, by assuming an exponential decay, and 
extrapolating to Zero current. The apparatus described by 
Tantram et al is similar to that described in FIG. 3 of this 
application. Thus, once the gas had been identi?ed using the 
method described in this disclosure, it is possible to measure 
the concentration of the gas using the method of Tantram et 
al. For a catalytic bead sensor, a similar relationship exists, 
and thus the concentration of a combustible gas sensor can 
also be found. 

HoWever, Whereas Faraday’s constant is a physical con 
stant available in any physical chemistry data book, the 
constant K for the catalytic bead sensor Will vary from 
sensor to sensor, and H is a gas speci?c constant. Once the 
gas has been identi?ed, then the gas speci?c constant H can 
be used, if previously determined. For most combustible 
gases, H is approximately equal to one, if the response is 
calculated in terms of the LEL. The constant K is most 
conveniently determined by calibrating the gas detection 
instrument With a gas of knoWn identity and of knoWn gas 
concentration. 
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In a further embodiment of this invention, if the identity 

of the test gas is knoWn, and the sensor response is limited 
by diffusion, then if the calculated gas diffusion coef?cient 
is close to the expected value, then the sensor is deemed to 
be operating under diffusion control. HoWever, if the mea 
sured diffusion coef?cient differs greatly from the expected 
value of the diffusion coef?cient, then there is a problem 
With either the instrument, the gas delivery system (eg 
blocked tubing), or With the sensor. Thus this method can 
also be used to ascertain the functional status of the sensor 
and instrument. While this invention has been described for 
electrochemical and catalytic bead sensors, it is readily 
apparent that the same invention may be applied to any kind 
of sensor Whose response is limited by the diffusion rate of 
the analyte species. Moreover, it Will be evident to those 
skilled in the art that numerous variations of the details may 
be made Without departing from the invention as de?ned in 
the 
What is claimed is: 
1. Apparatus for identifying and quantifying a reactive gas 

in a carrier gas, comprising: 

a manifold of predetermined volume having an inlet and 
outlet; 

an inlet valve in the manifold inlet; 

an outlet valve in the manifold outlet; 

a gas detector in communication With the manifold; 

a diffusion barrier disposed betWeen the manifold and the 
gas detector for limiting diffusion of gas from the 
manifold into the gas detector; 

means for opening and closing the inlet and outlet valves; 
means for detecting an output signal from the gas detec 

tor; 
means for determining a coef?cient of diffusion for the 

reactive gas from the output signal; and 
means for identifying and quantifying the reactive gas 

from the determined coef?cient of diffusion. 
2. Apparatus according to claim 1, additionally compris 

ing a gas pump having an outlet connected to the inlet valve. 
3. Apparatus according to claim 1, additionally compris 

ing: 
a further manifold of predetermined volume having an 

inlet and outlet; 
a further gas detector in communication With the further 

manifold; and 
a further diffusion barrier disposed betWeen the further 

manifold and the further gas detector for limiting 
diffusion of gas from the further manifold into the 
further gas detector; 

said further manifold being constructed and arranged to 
receive a How of atmosphere When said inlet and outlet 
valves are closed. 

4. The apparatus of claim 1, additionally comprising: 
computer means for controlling the means for opening 

and closing the inlet and outlet valves; 
computer means for memoriZing steady state values for 

the output signal; 
computer means for generating and integrating an output 

signal vs. time curve for a time during Which the inlet 
and outlet valves are closed; and 

computer means for obtaining a diffusion constant for the 
reactive gas from a steady state output value for the 
reactive gas and the integrated output signal. 

5. The apparatus of claim 4, additionally comprising 
computer means for comparing the obtained diffusion con 
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stant to known diffusion constants and identifying the reac 
tive gas from the comparison. 

6. The apparatus of claim 5, additionally comprising 
alarm means operable When the output signal eXceeds a 
predetermined value. 

7. The apparatus of claim 1, additionally comprising a 
display means for the output signal. 

8. The apparatus of claim 1, Wherein the gas detector is a 
catalytic bead detector. 

9. The apparatus of claim 1, Wherein the gas detector is an 
electrochemical detector. 

10. The apparatus of claim 1, Wherein the diffusion barrier 
is a membrane or a hole. 

11. Apparatus for determining a coefficient of diffusion for 
an unknoWn reactive gas in a carrier gas, to enable identi 
fying and quantifying the unknoWn reactive gas, compris 
ing: 

a manifold of predetermined volume having an inlet and 
outlet; 

an inlet valve in the manifold inlet; 

an outlet valve in the manifold outlet; 

a gas detector in communication With the manifold; 

a diffusion barrier disposed betWeen the manifold and the 
gas detector for limiting diffusion of gas from the 
manifold into the gas detector; 
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computer means for opening and closing the inlet and 

outlet valves; 

means for detecting an output signal from the gas detec 
tor; and 

means for determining a coefficient of diffusion for the 
reactive gas from the output signal, said means com 
prising computer means for memoriZing steady state 
values for the output signal, computer means for gen 
erating and integrating an output signal vs. time curve 
for a time during Which the inlet and outlet valves are 
closed and computer means for obtaining a diffusion 
constant for the reactive gas from a steady state output 
value for the reactive gas and the integrated output 
signal. 

12. The apparatus of claim 11, additionally comprising 
computer means for comparing the obtained diffusion con 
stant to knoWn diffusion constants and identifying the reac 

tive gas from the comparison. 

13. The apparatus of claim 11, additionally comprising 
alarm means operable When the output signal eXceeds a 
predetermined value. 


